ABSTRACT Susceptibility to mouse adenovirus type 1 (MAV-1) is mouse strain dependent; susceptible mice die from hemorrhagic encephalomyelitis. The MAV-1 susceptibility quantitative trait locus Msq1 accounts for~40% of the phenotypic (brain viral load) variance that occurs between resistant BALB/c and susceptible SJL mice after MAV-1 infection. Using an intervalspecific congenic mouse strain (C.SJL-Msq1 SJL ), in which the SJL-derived allele Msq1 SJL is present in a BALB/c background, we demonstrate that Msq1 SJL controls the development of high brain viral titers in response to MAV-1 infection, yet does not account for the total extent of brain pathology or mortality in SJL mice. C.SJL-Msq1 SJL mice had disruption of the blood-brain barrier and increased brain water content after MAV-1 infection, but these effects occurred later and were not as severe, respectively, as those noted in infected SJL mice. As expected, BALB/c mice showed minimal pathology in these assays. Infection of SJLand C.SJL-Msq1 SJL -derived primary mouse brain endothelial cells resulted in loss of barrier properties, whereas BALB/c-derived cells retained their barrier properties despite being equally capable of supporting MAV-1 infection. Finally, we provide evidence that organ pathology and inflammatory cell recruitment to the brain following MAV-1 infection were both influenced by Msq1. These results validate Msq1 as an important host factor in MAV-1 infection and refine the major role of the locus in development of MAV-1 encephalitis. They further suggest that additional host factors or gene interactions are involved in the mechanism of pathogenesis in MAV-1-infected SJL mice.
imbalance (11) . In some instances of CNS viral infection, these disruptions have devastating outcomes, including acute neuroinflammation and neurodegeneration (4, (12) (13) (14) .
Human adenoviruses can infect the CNS of immunocompromised individuals who suffer from disseminated infections (15) (16) (17) . However, the study of human adenovirus brain pathogenesis has been limited by the species specificity of adenoviruses and inherent difficulties in collecting samples from ongoing human CNS infections. In contrast, mouse adenovirus type 1 (MAV-1) is a well-characterized non-human-infecting adenovirus that enables in vivo study of a natural encephalitic viral infection in a convenient small-animal model. MAV-1 infection causes fatal hemorrhagic encephalomyelitis with BBB disruption in susceptible mouse strains (5, 18, 19) . The MAV-1/mouse model enables comparison of mouse strains to identify host factors that play a role in MAV-1 infection and encephalitis. Knowledge of the role that host factors play in viral encephalitis would inform future design of therapeutic strategies. Antiviral drugs that interfere with host factors essential for viral replication are under development for several viruses. For example, inhibitors that interfere with cyclophilins are being developed to counter hepatitis C virus (HCV) infection. A cyclophilin A inhibitor, currently in phase III studies, has potent antiviral activity with a low incidence of adverse effects (20) . Another example of host-targeting drugs in development are CCR5 antagonists, which have been shown to be effective at decreasing HIV's entry into host cells (21) . Thus, identifying host cell pathways that are important for viral replication is important for treatment of viral diseases.
Susceptibility to MAV-1 is mouse strain dependent and is inherited as a dominant trait (18, 19, (22) (23) (24) ; SJL mice are highly susceptible to MAV-1 infection, while BALB/c mice are resistant (23) . Using a positional cloning approach to identify host genes that contribute to MAV-1 infection and encephalitis, we identified a 0.75-Mb locus on mouse chromosome 15 that is strongly linked to brain viral loads, mouse adenovirus type 1 susceptibility quantitative trait locus 1 (Msq1) (23) (24) (25) . This locus contributes~40% of the variation in brain viral loads of (BALB/c ϫ SJL) F 1 ϫ BALB/c backcross mice and is the single most significant determinant of susceptibility distinguishing resistant BALB/c and susceptible SJL mice.
In this study, we tested the genetic contribution of Msq1 to the outcome of MAV-1 infection using an interval-specific congenic strain. We show that Msq1 controls MAV-1 brain infection and contributes significantly to strain susceptibility. These findings corroborate our positional cloning results identifying Msq1 as a major genetic host factor for MAV-1 infection. We also compared BALB/c, SJL, and C.SJL-Msq1 SJL mice and primary mouse brain endothelial cells (pmBECs) derived from these strains for a number of parameters following MAV-1 infection, including BBB exclusion of small-and large-molecule dyes from the CNS, edema, transendothelial electrical resistance (TEER), brain pathology, and leukocyte recruitment. Our data demonstrate that Msq1 is an important factor for a subset of physiological components of MAV-1-induced encephalitis. Additionally, differences between infected C.SJL-Msq1 SJL and SJL mice suggest that other host factors are involved in MAV-1-induced brain pathology.
RESULTS

Construction of the congenic mouse strain C.SJL-Msq1 SJL .
To determine the in vivo contribution of Msq1 to the outcome of MAV-1 infection, we bred a congenic mouse strain (C.SJLMsq1 SJL ) that contains the SJL-derived Msq1 susceptibility locus on the BALB/c background. After 11 generations of backcrossing, Ͼ99.9% of the C.SJL-Msq1 SJL congenic mouse genome consisted of the recipient (BALB/c) genome, while the remaining Ͻ0.1% includes Msq1 SJL and other scattered loci from the donor (SJL) strain that may remain in the congenic background. Progeny homozygous for Msq1 were used to initiate a homozygous congenic strain. Heterozygotes were also mated to produce littermates of the following genotypes: heterozygous for Msq1 (C.SJL-Msq1 BALB/SJL ), homozygous for BALB-derived Msq1 (C.SJL-Msq1 BALB ), and homozygous for SJL-derived Msq1 (C.SJL-Msq1 SJL ). Because Msq1 is an important contributor to MAV-1 susceptibility and because susceptibility to MAV-1 is dominant, we expected both C.SJL-Msq1 SJL and C.SJL-Msq1 BALB/SJL mice to be susceptible.
C.SJL-Msq1 SJL mice have brain viral loads comparable to those of SJL mice but increased survival rates. We performed infection experiments with the congenic mice to determine their susceptibility to MAV-1. Previous studies showed that susceptible mouse strains develop high brain viral loads at 8 days postinfection (dpi) at 10 2 PFU of MAV-1; brain viral loads at this time point were used in our positional mapping studies to identify the Msq1 locus (23, 24) . We used the 10 2 -PFU MAV-1 dose and assayed congenic mice and controls for brain virus loads 8 dpi.
MAV-1-infected C.SJL-Msq1 SJL mice had significantly higher brain viral titers than their C.SJL-Msq1 BALB littermates (Fig. 1A ) (P Ͻ0.0001). These data indicate that the high viral loads seen in C.SJL-Msq1 SJL mice were due to the contribution of Msq1 and not to other minor scattered loci. C.SJL-Msq1 BALB mice had viral loads similar to those of resistant parental BALB/c mice (data not shown). The brain viral loads of C.SJL-Msq1 SJL mice were comparable to those of SJL mice infected in parallel. SJL brain viral loads were consistent with levels assayed in previous experiments (24) and were also significantly higher (P Ͻ 0.0001) than those seen in C.SJL-Msq1 BALB mice. Congenic littermate mice heterozygous for Msq1, C.SJL-Msq1 BALB/SJL , had brain viral loads comparable to C.SJL-Msq1 SJL brain viral loads. This demonstrates that the Msq1 locus acts as a dominant trait and that a single copy of Msq1 is sufficient to confer the brain viral load phenotype on an otherwise resistant mouse background. On the other hand, C.SJLMsq1 BALB/SJL brain viral loads were significantly different from SJL brain viral loads (P ϭ 0.0017). Infrequently, MAV-1-infected SJL, C.SJL-Msq1 SJL , and C.SJL-Msq1 BALB/SJL mice had low brain viral titers. This is consistent with previous experimental results for MAV-1 infection of SJL and other MAV-1-susceptible mouse strains. Anomalous infections among these genetically uniform animals are likely due to variability in the infection process or environmental factors. Mice that survived MAV-1 infection showed no clinical signs of disease, and virus was not detected in their brains at 21 dpi by capture enzyme-linked immunosorbent assays (ELISAs) (data not shown).
We challenged C.SJL-Msq1 SJL and SJL mice with either 10 2 or 10 4 PFU to compare survival rates over time (Fig. 1B) . Survival rates of C.SJL-Msq1 SJL and SJL mice were significantly different at doses of both 10 2 and 10 4 PFU. At 10 4 PFU, all SJL mice died by 8 dpi, while more than half of C.SJL-Msq1 SJL mice survived. At 10 2 PFU, C.SJL-Msq1 SJL mice were resistant to MAV-1 infection up to 21 dpi, while all SJL mice died between 8 and 10 dpi.
C.SJL-Msq1 mice were then infected with MAV-1 doses rang-ing from 10 2 to 10 7 PFU to determine the 50% lethal dose (LD 50 ). The LD 50 of C.SJL-Msq1 SJL mice was determined to be 10 3.5 PFU; C.SJL-Msq1 BALB/SJL mice, which have only a single copy of Msq1 SJL , had an LD 50 of 10 5.6 PFU. The time of death was dose dependent for both strains of mice. C.SJL-Msq1 SJL and C.SJLMsq1 BALB/SJL mice given 10 7 PFU died by 3 to 4 dpi, while those that succumbed to lower doses died later, by 9 dpi. All of the C.SJL-Msq1 SJL mice and 7 of 8 C.SJL-Msq1 BALB/SJL mice survived MAV-1 infection at the lowest dose tested (10 2 PFU). Mice that survived MAV-1 infection showed no clinical signs of disease, and virus was not detected in their brains at 21 dpi by capture ELISA (data not shown). BALB/c mice were previously assayed to show an LD 50 value of Ͼ10 4.4 PFU; we hypothesized that the actual LD 50 value is likely higher, but 10 4.4 PFU was the maximum dose achievable at the time of the study (23) . In order to accurately determine the LD 50 for BALB/c mice, we infected them with MAV-1 doses that exceed 10 4.4 PFU (i.e., up to 10 6.9 PFU). The LD 50 for BALB/c mice was calculated to be 10 6.4 PFU. With this new calculation of the BALB/c LD 50 , we determined that the LD 50 for C.SJL-Msq1 SJL mice was~3 log units lower than that for BALB/c mice. These results confirm that Msq1 is a major genetic determinant of brain viral loads and also of host susceptibility to MAV-1. Increased BBB permeability in infected SJL and C.SJLMsq1 SJL mice. MAV-1 causes encephalitis in susceptible mouse strains (18, 19, 22, 23) . MAV-1 infection results in dosedependent encephalomyelitis and breakdown of the BBB in susceptible C57BL/6 mice (5, 18). Similarly, SJL mice infected with 10 2 PFU of virus at 8 dpi also show changes to the endothelial cell vasculature, including mild perivascular edema and inflammatory cell infiltration (23) . In addition, positive endothelial cell staining in both SJL and C3H/HeJ mice is seen using in situ hybridization with a MAV-1 early region 3 riboprobe (23), indicating that MAV-1 replicates in the vascular endothelium of both susceptible and resistant mice. However, high brain viral loads and brain pathology following MAV-1 infection are seen only in susceptible mouse strains. We investigated the role of Msq1 in MAV-1-induced BBB pathology, since the locus contributes significantly to the brain viral load phenotype.
We infected BALB/c, C.SJL-Msq1 BALB , SJL, and C.SJL-Msq1 SJL mice to examine whether there was evidence of increased BBB permeability. BALB/c mice were included in this study to act as a negative control; these mice are resistant to MAV-1-induced encephalitis and BBB disruption (18) . Sodium fluorescein was used as a small tracer molecule to probe the integrity of the BBB in SJL and C.SJL-Msq1 SJL mice after MAV-1 infection (5). A functional BBB would restrict entry of small molecules into the brain parenchyma, while a compromised BBB would result in sodium fluorescein dye leakage into the CNS.
Increased BBB permeability was seen in MAV-1-infected SJL and C.SJL-Msq1 SJL mice but not infected BALB/c or C.SJLMsq1 BALB mice at 6 dpi (Fig. 2) . The brains of infected SJL mice had a 3.9 (Ϯ 2.5)-fold increase over mock-infected mice in the amount of brain sodium fluorescein, while infected C.SJLMsq1 SJL mouse brains had a 2.7 (Ϯ 1.6)-fold increase over mockinfected mice. At that time point, the difference between the results determined for SJL and C.SJL-Msq1 SJL mice was not statistically significant (P ϭ 0.17). The increase in BBB permeability was significantly higher in infected SJL and C.SJL-Msq1 SJL mice than in infected BALB/c mice and C.SJL-Msq1 BALB mice. Neither BALB/c nor C.SJL-Msq1 BALB infected littermate mice had increased BBB permeability that could be detected by this assay. These data corroborate prior studies that showed degenerative vascular changes and increased permeability in susceptible mice (5, 18, 23) .
BBB disruption is delayed in C.SJL-Msq1 SJL mice compared to SJL mice. To investigate when BBB disruption begins following MAV-1 infection and whether strain differences in timing and/or severity exist, we measured BBB permeability at 1-day intervals after infection. Brain viral loads of these mice were also measured in parallel. In the time course studies, Evans blue, which is a larger molecule than sodium fluorescein (M r ϭ 961 and 376, respectively), was used to evaluate the permeability of BBB to macro- molecules (26) . In addition to its higher molecular weight, Evans blue has a high affinity for albumin in the serum and forms large dye-albumin complexes, which under normal circumstances would be excluded from the CNS (27) . Accordingly, the presence of Evans blue dye in the brain indicates substantial BBB disruption and is a better indicator of damage that could have biological relevance.
We did not detect increased viral loads or BBB permeability with Evans blue following MAV-1 infection in BALB/c mice from 3 to 6 dpi (Fig 3; 6 dpi data not shown). These results are consistent with our previous data determined using sodium fluorescein to measure BBB permeability (Fig. 2) . Virus was detectable in SJL mouse brains at 3 dpi (Fig. 3A) , and SJL mice had progressive BBB disruption beginning at 4 dpi (Fig. 3B) ; BBB permeability results were significantly different between BALB/c and SJL mice by 4 dpi. In contrast, BBB disruption was seen 1 day later (at 5 dpi) in infected C.SJL-Msq1 SJL mice. We do not show data determined for 6 dpi using this assay, because when we attempted to measure BBB permeability in SJL mice at that time, 9 of 10 SJL mice died or had to be euthanized following Evans blue injection. The deaths of these mice were not surprising given our survival data and previous findings (Fig. 1B) (23) .
Despite the 1-day difference between the SJL and C.SJLMsq1 SJL mouse BBB results, the levels of BBB disruption reached were similar. The levels of increased BBB permeability seen in SJL mice at 4 dpi (1.2-fold increase) and C.SJL-Msq1 SJL mice at 5 dpi (1.7-fold increase) were not statistically significantly different, and neither were the differences between the levels of increased BBB permeability seen in SJL (1.7-fold increase) and C.SJL-Msq1 SJL mice at 5 dpi. These results indicate that this pathological change (BBB permeability to large macromolecules) is in part controlled by Msq1 following MAV-1 infection.
Edema seen in MAV-1-infected SJL and C.SJL-Msq1 SJL mice. Significant alterations in vascular permeability can lead to cerebral edema. Edema occurs when there is an increase in brain water content due to accumulation of intracellular or extracellular fluid leading to an increase in brain volume (11, 28) . The healthy BBB C.SJL-Msq1 SJL mice. BALB/c, C.SJL-Msq1 BALB , SJL, and C.SJL-Msq1 SJL mice were either mock infected or infected with 10 4 PFU of MAV-1, and brains were harvested 6 dpi. Sodium fluorescein levels in the brains and serum were measured in duplicate; the average amount of brain sodium fluorescein was normalized to average levels in serum for each mouse. After normalization, the amount of sodium fluorescein in brains of infected mice of the appropriate strain was determined and is represented as a ratio to the amount of dye in mock-infected brains. Each data point represents an individual mouse; numbers of mice in each group are indicated below the respective sample data. For SJL versus C.SJL-Msq1 BALB mice, P ϭ 0.008; for C.SJL-Msq1 SJL versus C.SJLMsq1 BALB mice, P ϭ 0.034. Means and SDs are indicated. Statistical significance was calculated by one-way analysis of variance (ANOVA) (KruskalWallis) with Dunn's multiple comparison test. strictly limits exchange of fluid between brain tissues and blood, providing an optimal homeostatic environment for the brain. However, this regulation can be disrupted due to BBB damage during pathological conditions such as viral CNS infections. Since increased BBB permeability was seen in susceptible mice but not resistant mice, it is possible that the development of cerebral edema can contribute to differences in strain susceptibility. We tested whether the delay in the onset of increased BBB permeability in C.SJL-Msq1 SJL mice compared to SJL mice resulted in reduced edema, thus helping to explain the observed susceptibility difference.
The brains of both SJL and C.SJL-Msq1 SJL mice infected with MAV-1 had significantly increased percentages of water content compared to mock-infected brains at 8 dpi, whereas infected BALB/c brains had no measurable change in water content (Fig. 4A) . However, the increase in water content was significantly greater in SJL mice than C.SJL-Msq1 SJL mice. We also measured Na ϩ and K ϩ ion contents of these brains. Alteration of the levels and ratios of these major brain cations can be an important indicator of edema. In particular, leakage of high-sodium, lowpotassium plasma contents into the brain following damage to the vasculature is commonly associated with vascular edema (11) .
We observed brain sodium levels that were significantly higher in infected than mock-infected SJL mice (Fig. 4B ) (P ϭ 0.0004). Conversely, no significant difference in the sodium level was measured for either C.SJL-Msq1 SJL or BALB/c mice upon infection. Potassium levels were essentially unchanged for all tested strains (Fig. 4C) . These data are consistent with development of vascular edema following MAV-1 infection for SJL mice but not C.SJLMsq1 SJL or BALB/c mice.
MAV-1 infection of C.SJL-Msq1 SJL -and SJL-derived pmBECs results in loss of barrier properties. Endothelial cells and the tight junctions they form are critical for BBB function (8) . MAV-1 infects endothelial cells (18, 29) , and MAV-1 infection decreases barrier properties of C57BL/6 primary mouse brain endothelial cells (pmBECs) by altering tight junction protein expression (5). To determine whether brain endothelial cells from resistant and susceptible mouse strains respond differently to MAV-1 infection, pmBECs were prepared from BALB/c, SJL, and C.SJL-Msq1 SJL mice and cultured on transwells, allowed to form tight junctions, and infected with MAV-1. We used TEER values as a measure of tight junction integrity in the pmBECs; a monolayer of pmBECs with intact tight junctions has high TEER, while a compromised barrier has decreased TEER (30) .
pmBECs from all tested strains were able to establish equally high TEER levels (Fig. 5) . By 2 dpi, there was a drop in TEER in both infected SJL-or C.SJL-Msq1-derived pmBECs ( Fig. 5B and  5C ). Infected BALB/c-derived pmBECs did not have a drop in TEER, indicating that tight junctions in the BALB/c wells remained intact up to 3 dpi (Fig. 5A ). Mock-infected pmBECs derived from all the different strains maintained their TEER levels up to 3 dpi.
Increased MAV-1-associated pathology is not due to a difference in the ability of virus to replicate in cells from different mouse strains. To determine whether the difference in abilities of pmBECs to maintain TEER was due to a difference in ability of virus to grow in endothelial cells from different mouse strains, we isolated pmBECs and tested their capabilities to support MAV-1 growth. Differences in viral growth would suggest that there are strain differences at the cellular level in abilities to support MAV-1 infection, such as expression levels of virus receptors or host factors involved in viral replication. MAV-1 replicated to similar levels in C.SJL-Msq1 SJL -, SJL-, and BALB/c-derived pmBECs (Fig. 6) . This suggests that cell-autonomous differences between strains in the ability to support replication do not account for the differ- ences in susceptibility. These results are consistent with previous data suggesting that strain differences in susceptibility to MAV-1 are systemic (e.g., at the level of the tissue) rather than cellular (23) .
Brain lesions are more severe in SJL than in C.SJL-Msq1 SJL mice. We examined the pathology of MAV-1 infection in BALB/c, SJL, and C.SJL-Msq1 SJL mice to investigate whether strain differences could be seen in the distribution or severity of lesions in different organs. We observed no significant lesions in BALB/c mice for any of the organs analyzed. The majority of lesions found in infected SJL and C.SJL-Msq1 SJL mice were in the brain. Infected SJL and C.SJL-Msq1 SJL mice had similar brain lesions, consisting of lymphoid meningitis, vasculitis, scattered microhemorrhages, and perivascular edema, which mostly affected the cerebellum. Molecular and granular layer capillaries were surrounded by scattered red blood cells and infrequent small numbers of neutrophils and mononuclear cells.
Although the types of lesions were similar, the extents and distributions of pathology seen in the brains of SJL mice were more severe than those seen in C.SJL-Msq1 SJL mice (Fig. 7A) . Only 2 of 5 infected SJL mice survived to 6 dpi. Both surviving mice had perivascular hemorrhages and edema. In one mouse, the vascular lesions were centered primarily in the cerebellum and brain stem. In the other, the vascular lesions were present throughout the brain. In contrast, 5 of 5 infected C.SJL-Msq1 SJL mice survived, and 3 of 5 had only mild lymphoid meningitis. The fourth mouse had multifocal vasculitis and microhemorrhages in all brain regions, and another had vasculitis with microhemorrhages in the cerebellum and brain stem. When brains were scored, SJL brains showed more severe signs of disease than C.SJLMsq1 SJL brains. Because the numbers of mice per group used in these studies were low, we did not determine statistical significance.
Increased inflammatory cell recruitment to brains of infected SJL and C.SJL-Msq1 SJL mice. We used flow cytometry to identify and quantify immune cells whose recruitment to the brain in response to MAV-1 infection is directly or indirectly affected by the presence of Msq1. After MAV-1 infection, there was a large increase in the number of infiltrating leukocytes [CD45 (hi) ] in SJL and C.SJL-Msq1 SJL mice and minimal recruitment in BALB/c mice (Fig. 8) . We further characterized the CD45 (hi) cell population for cell-type-specific markers. There was an obvious increase in the total numbers of T cells (CD3 ϩ ) and of both CD4 ϩ (CD3 ϩ , CD4 ϩ ) and CD8 ϩ (CD3 ϩ , CD8 ϩ ) T cells recruited to the brain of SJL mice following MAV-1 infection. There were also increases in the CD3 ϩ , CD4 ϩ , and CD8 ϩ T cell populations in infected C.SJL-Msq1 SJL mice and BALB/c mice but to lesser extents. The same was true for neutrophils (CD11b ϩ , LY6G ϩ ) and 
DISCUSSION
We demonstrate here that Msq1 is a major genetic determinant of susceptibility to MAV-1, confirming the localization of the quan- Histological changes were assigned scores and then totaled. Presence of vasculitis, microhemorrhages, perivascular edema, focal lesions, and meningeal lymphoid infiltrates each received a score of 1. Multifocal lesions received a score of 2. Each symbol represents the score of a single mouse. There were 5 mice per infected group, but 3 SJL mice died prior to analysis. Due to the small sample size, we did not determine whether differences between groups were statistically significant. titative trait locus. Not only do C.SJL-Msq1 SJL mice develop high brain viral loads after MAV-1 infection, but also the presence of Msq1 alone on a resistant strain background is sufficient to confer a~3-log-unit decrease in LD 50 compared to the parental BALB/c strain. However, Msq1 does not account for the entire difference in susceptibility between the two strains, since the LD 50 s for SJL and C.SJL-Msq1 SJL mice are different. This is consistent with previous results from genetic mapping studies, from which it was calculated that Msq1 contributes to~40% of the phenotypic variation between BALB/c and SJL mice (24) . The data indicate that susceptibility to MAV-1 is a polygenic trait; there are additional quantitative trait loci for susceptibility that were identified in the mapping study. It is likely that a combination of genetic and environmental factors is needed to deliver the full susceptibility phenotype of SJL mice.
We observed that SJL and C.SJL-Msq1 SJL mice differ significantly in susceptibility (survival and LD 50 ), despite detection of similar levels of brain viral loads in the two strains. In previous studies, death and low LD 50 values correlated well with high viral loads in the brain for a number of mouse strains, making viral loads a good predictor of susceptibility (23) (24) (25) . Strains with low LD 50 values have high brain viral loads after 8 dpi with 10 2 PFU of MAV-1; strains with high LD 50 values have low brain viral loads. Mice that displayed signs of disease (including ruffled fur, lethargy, squinty eyes, hunched posture, and seizures) and those that were discovered dead also had high brain titers of MAV-1. Therefore, in our identification of Msq1, we used brain viral loads as a quantifiable measure of susceptibility (24, 25), because it is not possible to use LD 50 assays to determine individual mouse susceptibility. Our data demonstrate that high brain viral titers are not sufficient to cause death. Thus, it is likely that other host factors contribute to mortality. It is also possible that the capture enzymelinked immunosorbent assay (ELISA) method used is not sensitive enough to distinguish modest differences in viral loads between infected SJL and C.SJL-Msq1 SJL mouse brains that are crucial in determining survival. These possibilities are not mutually exclusive.
MAV-1 infection of susceptible C57BL/6 mice results in BBB disruption (5), and we found here that BBB permeability also occurred in infection of two other susceptible mouse strains, SJL and 129SvEv/S6 (data not shown), but not in BALB/c mice. Msq1 contributed critically to the breakdown of the BBB in the susceptible strains. BBB disruption in C.SJL-Msq1 SJL mice as assayed by sodium fluorescein measurements was similar to that seen in SJL mice at the peak of infection, either 6 dpi at 10 4 PFU or 8 dpi at 10 2 PFU (data not shown). Strain differences regarding the timing of the onset of BBB permeability to macromolecules were detected through time course experiments using Evans blue. We attempted to measure BBB disruption using Evans blue at peak viral infection; however, at 6 dpi, 9 of 10 SJL mice died or had to be euthanized after being injected with Evans blue. For both SJL and C.SJLMsq1 SJL mice, there was a wide range of dye permeability results and viral loads in response to MAV-1 infection. Phenotypic variability is also seen in other mouse models of virus-induced BBB damage (31, 32) and may result from variability in biological response due to environmental causes. Comparable high levels of brain viral loads and BBB breakdown were seen in SJL and C.SJLMsq1 SJL mice, yet there were differences in MAV-1-induced mortality and edema between the strains. The correlation we see between brain viral loads and BBB disruption is consistent with previous published observations (5). However, there is not a clear connection of BBB disruption or viral loads with mortality.
It is possible that mortality following MAV-1 infection is associated with development of cerebral edema as a consequence of BBB disruption, since cerebral edema was observed in histopathological assessments of MAV-1-infected brains (18, 23) . For another virus, lymphocytic choriomeningitis virus, data suggest that mortality in mice is caused by edema and ventricular failure rather than BBB damage (31) . We found evidence of vasogenic edema in the brains of MAV-1-infected SJL mice but only a modest increase in brain water content of C.SJL-Msq1 SJL mice. Our observations also suggest that mice that are sicker have more severe edema; edema appeared to develop close to the time of death for SJL mice (data not shown). These results are significant, because SJL and C.SJL-Msq1 SJL had similar brain viral loads and levels of BBB permeability at the time of assay. These data suggest that viral loads and the extent of BBB permeability at 6 dpi in C.SJL-Msq1 SJL mice are insufficient to trigger the more severe increase in brain water content seen in SJL mice and that additional host factors outside the Msq1 locus contribute to the development of vasogenic edema in SJL mice during MAV-1 infection. The data support the hypothesis that vasogenic edema correlates with mortality following MAV-1 infection.
MAV-1 infects endothelial cells, which are important structural components of the BBB (22, 23) . We observed a loss of endothelial cell barrier integrity upon MAV-1 infection, as demonstrated by a drop in TEER in infected SJL-and C.SJL-Msq1-derived pmBECs. Loss of TEER during MAV-1 infection correlates with reduced tight junction protein mRNA and protein expression in pmBECs (5) . Msq1 includes 14 members of the Ly6 gene family (25) which may play a role in MAV-1 BBB pathogenesis at the level of barrier structure. In Drosophila, members of the Ly6/CD49 family, Coiled and Boudin, mediate cell-cell adhesion by controlling structural organization of septate junction proteins in the BBB and the trachea, respectively (33) . It is possible that MAV-1 causes a reorganization of tight junction proteins in C57BL/6-, SJL-, and C.SJL-Msq1 SJL -derived pmBECs, leading to increased barrier permeability (5) . The observed decrease in TEER in SJL-and C.SJL-Msq1-derived pmBECs upon infection is consistent with increases we observed in BBB permeability in vivo but does not correlate with the marked alterations in vasogenic edema that we noted only in SJL mice. Identification of genetic loci that control vasogenic edema in MAV-1 infections and the molecular processes involved requires additional experiments and backcrosses.
Ly6 gene products are cell surface proteins, which makes them potential candidate viral receptors. We observed differences in the expression levels of two of the three LY6 proteins that we examined on pmBECs from BALB/c and SJL mice (data not shown). Such expression variation might lead to differences in the ability to support viral infection. However, results from infecting endothelial cells ex vivo suggest that differences in susceptibility to MAV-1 seen in vivo are not attributable to LY6 protein expression in endothelial cells. Viral yields were similar between pmBECs derived from SJL, C.SJL-Msq1 SJL , and BALB/c mice. This is consistent with infection data of other cell types; MAV-1 infection of mouse embryonic fibroblasts and primary bone marrow macrophages (another target of MAV-1 infection in vivo) derived from resistant (C3H/HeJ) and susceptible (SJL) mouse strains also yield equivalent amounts of virus (23) . We cannot, however, rule out strainspecific differences in additional cell types we have not tested.
The difference in strain susceptibility to MAV-1 in vivo was not reflected in the ability of pmBECs to support virus growth ex vivo, leading us to investigate strain differences at the systemic level. We did not find differences between SJL and C.SJL-Msq1 SJL mice in the distribution of lesions in organs we collected, and in both strains of mice, the majority of lesions were found in the brain. In comparison, in infected BALB/c mice, no significant lesions were found in any of the organs collected. These data suggest that Msq1 is responsible for the development and organ localization of MAV-1 pathology. However, we observed that the pathology found in the infected SJL brains was more severe than that found in C.SJL-Msq1 SJL brains, suggesting that other host factors likely contribute to the severity of MAV-1 brain pathology.
Our studies revealed that SJL and C.SJL-Msq1 SJL mice had large increases in the numbers of infiltrating cells, whereas BALB/c mice had a comparatively smaller infiltrate of cells. LY6 proteins have known and putative immune functions; therefore, it is likely that Msq1 is involved in immune cell recruitment to the brain. LY6A and LY6C proteins affect lymphocyte development, activation, adhesion, and homing (34) (35) (36) (37) . In addition, upregulation of LY6 proteins, in particular, LY6C, is linked to increased chemokine secretion (38) . Finally, a human LY6 antigen, E48 (highly homologous to mouse LY6D), regulates the release of chemoattractant factors from human umbilical vein endothelial cells that induce monocytes to migrate across an endothelial cell layer (39) .
MAV-1 infects cells of the monocytic lineage (29, 40) , which could lead to the hypothesis that these cells are involved in viral spread. We observed an increase in macrophage and inflammatory monocyte recruitment for both C.SJL-Msq1 SJL and SJL mice, but not BALB/c mice, after MAV-1 infection. However, clodronate-loaded liposome depletion of liver, spleen, lymph node, and peritoneal macrophages does not affect brain viral titers in either SJL or BALB/c mice (40) . It is therefore unlikely that infected macrophages are responsible for dissemination of the virus to the brain. The depletion treatment also results in increased spleen viral loads in BALB/c mice, suggesting that macrophages have a role in controlling MAV-1 infection. However, despite the large numbers of recruited macrophages in SJL and C.SJL-Msq1 SJL mouse brains, viral loads were high. It is possible that the recruitment of macrophages was delayed in SJL and C.SJL-Msq1 SJL mice and thus unable to control the infection. Alternatively, we hypothesize that the large increase in numbers of inflammatory monocytes at the BBB results in increased secretion of chemokines or proteases, such as matrix metalloproteinases (41) , and in opening of the BBB, leading to further cell recruitment. A systematic examination of the kinetics of cell recruitment after MAV-1 infection would be informative with respect to strain differences in susceptibility.
Numbers of all analyzed cell types, with the exception of B cells, were increased in the brain following MAV-1 infection of all strains. B cells are crucial for survival of acute MAV-1 infection (42) . Infected mice lacking Bruton's tyrosine kinase, and B celldeficient mice on both C57BL/6 and BALB/c backgrounds, suffer from disseminated infection, with high brain and spleen viral loads and death. Our data suggest that B cells do not play a role in MAV-1-induced brain pathology in SJL mice and that B cell recruitment is not influenced by Msq1. However, given the crucial role of B cells in controlling MAV-1 infection, it is likely that they influence the progression of MAV-1 infection of SJL mice in other organs or in the brain at different time points.
T cells are responsible for much of the acute pathology attributed to MAV-1 infection, and they are important for survival and control of MAV-1 replication and clearance (43) . Mice on a C57BL/6 background are intermediate in susceptibility between BALB and SJL mice (18, 23) , and the T-cell immune-deficient mice we have previously examined are on this background. Mice that lack T cells do not develop encephalomyelitis but have detectable brain viral loads following MAV-1 infection (43) . Furthermore, MAV-1-infected T cell-deficient mice have little or no immunopathology, suggesting that the acute histopathology is due to T cells. More T cells were recruited to the brains of SJL than C.SJL-Msq1 SJL MAV-1-infected mice, suggesting that the large number of recruited T cells in SJL mice causes irreparable damage, leading to higher mortality. The fact that we see higher numbers of recruited T cells after MAV-1 infection in SJL than C.SJL-Msq1 SJL mice, but similar high brain viral loads in the two strains, is consistent with previous data indicating that T cells do not control brain viral loads (43) .
Although the total numbers of CD45 (hi) cells were similar between SJL and C.SJL-Msq1 SJL mice, there were significant differences between strains in the numbers of cells in each of the immune cell subpopulations we examined. The numbers of cells for all subpopulations except macrophages and B cells were lower in C.SJL-Msq1 SJL mice than in SJL mice. As a result, the combined number of immune cells from the subpopulations that we looked at corresponded well with the total number of infiltrating cells [CD45 (hi) ] in SJL but not C.SJL-Msq1 SJL mice. There appears to be a population(s) of missing cells that do not express any of the markers that we examined, such as NK cells, dendritic cells, and mast cells, which we did not analyze.
In addition to our results here, Ly6 gene family members have also been identified as important host factors influencing viral replication in several other viruses, some of which cause viral encephalitis (44) (45) (46) (47) . Chicken LY6E is a candidate for susceptibility to Marek's disease, an avian herpesvirus, and interacts with viral protein US10 in two-hybrid assays (48, 49) . Four mouse Ly6 genes are more highly upregulated during infection by highly neuroinvasive West Nile virus strains than by strains that are less neuroinvasive (50) . More recently, human LY6E was shown to affect West Nile virus infection in a small interfering RNA screen (51) . In addition, human LY6E increases viral replication of another flavivirus, yellow fever virus, in vitro (52) . Finally, the human Ly6 locus, Ly6, and Ly6-related genes were also implicated in two separate screens for HIV susceptibility factors (53, 54) . These results indicate that Ly6 genes are susceptibility factors for diverse RNA and DNA viruses. Future studies of the function and interaction partners of LY6 proteins may result in the identification and characterization of common pathways leading to vascular damage and/or mortality in encephalitis and may yield new therapeutic targets.
In summary, Msq1 is an important genetic contributor to the pathogenesis of MAV-1 encephalitis but does not account for the full susceptibility phenotype seen in SJL mice. Our data confirmed that Msq1 regulated brain viral loads and that it contributed significantly to strain susceptibility. We demonstrated that the presence of Msq1 SJL correlated with increased permeability of the BBB to both small and large tracer molecules and with differences in abilities of infected pmBECs to maintain high TEER. Msq1 also controlled the development of brain lesions caused by MAV-1 infection. The data reveal that other factors (environmental or genetic) likely contributed to the onset of increased BBB permeability and the development of vasogenic edema. We also show that Msq1 mediated recruitment of certain subsets of inflammatory cells to the brain but not others. This difference in inflammatory cell infiltrates may help explain the differences we see in levels of MAV-1 susceptibility and pathogenesis in SJL and C.SJL-Msq1 SJL mice. Experiments are in progress to identify the major susceptibility gene(s) within Msq1.
MATERIALS AND METHODS
Generation of congenic strain. C.SJL-Msq1 SJL congenic mice were developed by backcrossing the SJL-derived Msq1 locus onto a BALB/c background for 11 generations (N11). Progeny mice heterozygous for Msq1 were then intercrossed to initiate a homozygous congenic strain. Genotyping was performed by PCR with tail DNA. Simple sequence length polymorphism markers were used to differentiate between SJL-and BALB/c-derived Msq1 genomic intervals. The flanking region loci genotyped were D15Spn101 and D15Spn54 (23) . PCR products were electrophoresed in 7% acrylamide gels and visualized by ethidium bromide staining.
Virus and mice. Wild-type MAV-1 virus was obtained from S. Larsen (55) . BALB/c and SJL male mice (3 to 4 weeks old and 4 to 5 weeks old) were obtained from Jackson Laboratory and used for primary cell preparations and infection experiments, respectively. Congenic mice (3 to 4 weeks old and 3 to 8 weeks old) were used for primary cell preparations and infection experiments, respectively. Mice were infected via intraperitoneal (i.p.) injection in volumes of 100 l, with doses that ranged from 10 2 to 10 7 PFU of virus. Virus was diluted in 10-fold serial dilutions in endotoxin-free Dulbecco's phosphate-buffered saline (DPBS; Lonza). Mock-infected mice were injected with conditioned media similarly diluted in DPBS. Mice were monitored at least twice daily for signs of disease and were euthanized by CO 2 asphyxiation if moribund. The animal care and use complied with both federal and university guidelines. Food and water were provided to the mice ad libitum.
Determination of MAV-1 loads by capture ELISA. Whole brains were aseptically collected from euthanized mice. Brain homogenates were prepared as previously described (24) and assayed for MAV-1 viral load by capture ELISA (56) . In each assay, an undiluted MAV-1 virus stock, PBS, and conditioned media were included as controls. Quantification of virus particles by ELISA correlates with infectious virus levels measured by plaque assay (24) . 50 . Experiments were carried out with 4-to 6-week-old C.SJL-Msq1 SJL mice. Serial dilutions of virus were prepared, and groups of 5 to 21 mice were infected with each dose; three and six doses were used in LD 50 determinations for BALB/c and C.SJL-Msq1 mice, respectively. LD 50 s were determined using the Reed and Muench method (57) . Mice were euthanized if moribund or at the conclusion of the experiment.
Determination of LD
Measurement of brain water and ion content. After euthanasia, brains were rapidly removed and weighed to obtain wet weight. Dry weight was determined after drying the brains for 24 h at 100°C. Percent water content was calculated as [(wet weight -dry weight)/wet weight] ϫ 100. Na ϩ and K ϩ contents were measured using a flame photometer (Model IL 943; Instrumentation Laboratory, Inc.) after reconstituting the dried brains in 0.1 M nitric acid for 72 to 144 h at room temperature.
BBB permeability assay. Sodium fluorescein and Evans blue are small-molecule tracers used to assess permeability of the BBB. Mice were injected with either 200 l of 2% Evans blue dye (Sigma-Aldrich) in DPBS 4 h prior to euthanasia or 100 l of 10% sodium fluorescein (Sigma) in DPBS 10 min prior to euthanasia. Mice were euthanized by CO 2 asphyxiation. Cardiac blood was collected in heparinized syringes into tubes containing 50 l of heparin (1 mg/ml) and placed on ice. Mice were immediately perfused transcardially with 30 ml of ice-cold PBS. Brains were collected and snap-frozen until use.
Evans blue staining in brains was quantified as previously described (31) . Briefly, brains were thawed and photographed and then homogenized in N,N-dimethylformamide (Sigma) at a concentration of 300 mg/ml and incubated at 50°C for 48 h. Samples were centrifuged (3,000 ϫ g, 10 min), and absorbance of the supernatant was measured on a multidetection microplate reader (Biotek Instruments) at 620 nm. The amount of Evans blue in the brain of each infected mouse is represented as a fold change from the average measurement in brains of mock-infected mice of the respective strain.
Sodium fluorescein levels in brain and plasma were determined as previously described (5, 58) . Fluorescence levels were measured on a multidetection microplate reader (Bio-Tek) with 485-nm excitation and 530-nm emission. Standards were used to calculate the sodium fluorescein content of brain and plasma samples. Brain values were normalized to their respective plasma dye values to allow comparisons among mice. The amount of sodium fluorescein in each infected mouse brain is represented as a fold change from the average uptake in brains of mock-infected mice of the respective strain. pmBEC preparation. pmBECs were isolated similarly to methods previously described (5) . For each primary cell preparation, we used 30 mouse brains from BALB/c, SJL, or C.SJL-Msq1 SJL mice (3 to 4 weeks old). The cortexes were isolated, and major blood vessels were removed based on visual inspection. Brains were minced and mechanically homogenized in Hanks' balanced salt solution (HBSS; Gibco Life Technologies) using a Dounce homogenizer. Cells were pelleted (205 ϫ g, 5 min) and resuspended in 18% dextran solution (USB Products). The suspension was centrifuged (11,726 ϫ g, 10 min, 4°C) using a Sorvall SA-600 rotor. Myelin and liquid were aspirated, and erythrocytes and microvessels were resuspended in HBSS. The suspension was layered onto precentrifuged (SW41 rotor, Sorvall ultracentrifuge) (26,793 ϫ g, 1 h) 46.5% Percoll (GE Healthcare) gradients and then centrifuged (1,800 ϫ g, 10 min) in a Jouan benchtop centrifuge. Microvessels formed a distinct red band in the density gradient and were carefully transferred to a 50-ml tube and washed with HBSS. Microvessels were centrifuged (205 ϫ g, 5 min) to again form a pellet. The pellet was resuspended in collagenase/dispase (Roche Diagnostics) (1 mg/ml) and incubated at 37°C for 20 to 40 min. The enzyme solution was then inactivated with the addition of 2 to 3 volumes of HBSS. Microvessels were centrifuged (205 ϫ g, 5 min) to again form a pellet. Supernatant was aspirated, and the remaining cells were resuspended in growth media, which consisted of DMEM (Gibco) (pH 7.2) containing 10% fetal bovine serum, 10% newborn calf serum, endothelial cell growth Statistical analysis. Statistical analysis was carried out using Microsoft Office Excel and Graph Pad Prism 5 software. Specific statistical tests are denoted in each figure legend.
